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The grain boundary internal friction peak of a superp1astic alloy, 
Al-2.7Li-1.2Cu-0.9Mg-0.14Zr (in wt%), is measured with a variable 
frequency pendulum. The Arrhenius line for the higher temperature edge of 
the peak is suggested to be used as a guide line for the determination of 
the optimum superp1astic forming conditions (temperature and strain rate) 
of the alloy. 
INTRODUCTION 
A superp1astic alloy is now one of the most useful industrial 
materials with which products of complex shape can be formed easily· and 
economically. The forming process usually takes place at high temperature 
and at low strain rate. It goes without saying that low temperature and 
high strain rate are preferable from the industrial point of view. There 
is, however, no easy method to find the optimum forming conditions and 
they have been determined by experiences or by a tria1-and-error method. 
It is therefore highly desired to develop a simple and easy method for 
setting the optimum forming conditions. 
Superp1asticity is considered to arise mostly from the sliding of 
grain boundaries, in which fine and well-rounded (equi-axed) grains are 
preferable [1]. On the other hand, the well-known grain boundary internal 
friction peak (K~ peak) is also known to be caused by the stress-induced 
sliding of grain boundaries [2]. These two phenomena are then considered 
to be closely related to each other, though they have been studied quite 
independently. This work is the first trial to find some interrelation 
between them, in which internal friction data are shown to be used as a 
guide line for the determination of the optimum forming conditions of a 
superp1astic alloy. 
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EXPERIMENTAL PROCEDURES 
The schematic view of the measuring system of internal friction is 
shown in Fig. 1. The apparatus is of a variable frequency pendulum type 
(Metravib). Internal friction is measured as a function of temperature at 
constant frequency or of frequency at constant temperature. It is to be 
noted that reciprocal temperature and logarithm of frequency have the 
same meaning for a thermally activated relaxation-type peak [3]. Internal 
friction is determined from the phase lag between applied stress 
(proportional to the current to the Helmholtz coil) and resulting strain 
(signal from the photo cell) under forced oscillation. The measuring 
frequency is varied between 2 x 10- and 1Hz and the maximum strain 
amp 1 i tude S. is kept at about 7 x 10-5• 
The main reasons for choosing this type of measuring apparatus are 
the followings. 
1) As a superplastic alloy usually has a very high value of internal 
friction, the forced-vibration method is preferable to the free-decay 
method to obtain precise data. 
2) To avoid the evaporation of Li from the specimen during the internal 
friction measurements, the measuring temperature should be kept as low 
as possible, that is, the measuring frequency should also be low (a 
thermally activated relaxation-type peak appears at lower temperature 
when measured at lower frequency [3]). 
The alloy used here is Al-2.7Li-l.2Cu-0.9Mg-0.14Zr (in wt%). The 
original sheet of about 2mmin thickness is sliced with a string saw and 
then mechanically polished to get a specimen of rectangular shape (60mm x 
2mm x lmm). Before the internal friction measurements the specimen is 
stabilized by annealing in situ in the pendulum for 5 hours at the 
maximum temperature that is expected to be attained during the experiments. 
Metallographic observations of grain size are also made where the 
specimen surface is chemically etched with a solution of 50HN03 + 47HCl 
+ 3HF (in vol%). 
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Fig. 1 Schematic view of the measuring system. 
EXPERIMENTAL RESULTS 
Temperature spectra of internal friction taken at 0.1 and 1Hz are 
shown in Fig. 2, where the specimen was annealed in situ at 350C for 5 
hours. A peak is observed clearly at about 220C (O.1Hz) and 235C (1Hz). 
The peak is shifted to higher temperature with the increase in the 
measuring frequency as is expected. The broken line shows the background 
damping component which is assumed to be linear with temperature. An 
example of a frequency spectrum taken at 192C is shown in Fig. 3, where a 
similar peak is observed clearly as in the case of Fig. 2. 
4 
0 0.1Hz 
6 1Hz 
3 
0 
>< 2 
.--
b 
O~~~----~--~----~----~----~~ 
100 200 300 
Temperature (C) 
Fig. 2 Temperature spectra of the grain boundary peak taken at 
O.lHz and 1Hz. 
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Fig. 3 Frequency spectrum of the grain boundary peak taken at 192C. 
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All the peak data (peak temperature and frequency) obtained in this 
work are summarized in the form of Arrhenius plot (logarithm of peak 
frequency versus reciprocal peak temperature) in Fig. 4, where the peak 
positions are determined after subtracting the background internal 
friction component. From the slope of the Arrhenius line A drawn by the 
method of least squares the activation energy E of about 1.6eV is 
obtained. The average width ratio calculated with this E is about 1.5, 
which means the peak observed here is 1.5 times as wide as the single 
relaxation peak. 
Additional broken lines Land H drawn parallel to A indicate the 
lower and the higher temperature edges of the peak, respectively. Though 
these lines should be determined experimentally, it is very difficult to 
find clear edges because the value of internal friction decreases 
asymptotically with the deviation from the peak position. They are 
therefore drawn with the help of a theoretical equation, 
~(l/T)n = (In(n + }n2 - 1) - In(n - 1n2 - l»k/E, (1) 
where ~(l/T)n is the peak width where the value of internal friction 
drops to l/n of the peak value (the background component is subtracted) 
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Fig. 4 Arrhenius plot of the peak position (A) and the lower (L) 
and the higher (H) temperature edges of the peak. The 
actual superplastic forming conditions are shown with a 
hatched rectangle. 
and k is the Boltzmann constant. This equation is obtained on the 
assumption that the peak is a single relaxation peak. One of the problems 
here is what value should be chosen for n. Two sets of examples L(1000), 
H(1000) (n = 1000) and L(10000), H(10000) (n = 10000) are tentatively 
shown in Fig. 4. It is to be noted here that even if n is increased from 
1000 to 10000 (a factor of 10), the width increases only by about 30%. 
The metallographic observation of the specimen surface shows that the 
grain size becomes a little larger by the stabilization annealing which is 
done before the internal friction measurements (about 7~m in as-received 
condition and about 10pm after annealing at 400C for 5 hours). 
DISCUSSION 
The peak observed here is considered to be the grain boundary peak 
from its peak position and activation energy. Though the peak temperature 
seems to be a little lower than that of pure aluminum [4], it may be due 
to the fact that the grain boundaries in a superp1astic alloy can slide 
very easily. The grain boundary peak is actually reported to appear at 
lower temperature in some aluminum alloys where the grain boundaries are 
supposed to be very easy to slide [5]. As the grain growth by the 
stabilization annealing is very small as mentioned before, the specimen is 
considered to be superp1astic throughout the experiments. 
At sufficiently low temperature or high frequency (on the right side 
of the line L in Fig. 4) the viscous sliding of grain boundaries is 
difficult to occur, while at sufficiently high temperature or low 
frequency (on the left side of the line H) grain boundaries can slide very 
easily almost in phase with the applied stress. Both of these cases 
result in low internal friction. Only in the intermediate temperature or 
frequency range (in the vicinity of the line A) internal friction becomes 
large to give rise to the grain boundary peak [3]. It is to be noted 
here, however, that the internal friction mentioned above does not include 
the background component, that is, only that due to the sliding of grain 
boundaries is taken into account. 
The lines Land H in Fig. 4 are then regarged as borders which divide 
the frequency-temperature space into three regions, a hard-sliding region 
(the right side of L), a peaking region (between L and H) and an easy-
sliding region (the left side of H). Superplasticity is expected to occur 
only in the easy-sliding region. 
Internal friction is measured under sinusoidal periodic stress, which 
gives rise to periodic strain of the form, 
(2) 
where £0' f and t are the maximum strain amplitude (7. x 10-5 here), 
frequency and time, respectively. The average strain rate I is given by 
(3) 
If this I is assumed to correspond to the strain rate of superplastic 
forming, Figure 4 is regarded also as a diagram of strain rate versus 
temperature for superp1astic forming. Superp1astic forming is possible 
only on the left side of the line H (easy-sliding region), that is, the 
line H serves either as the lower limit of forming temperature or as the 
upper limit of forming strain rate. 
As for the value of n, 1000 may be appropriate from the standpoint of 
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accuracy of the internal friction measurements which is usually about 0.1% 
(1/1000), though the accuracy decreases a little when the value of 
internal friction is very high as in this case. On the other hand the 
peak observed here is rather broad (width ratio is about 1.5), which must 
also be considered because Eq. (1) is obtained assuming the width ratio 
of unity (single relaxation peak). The actual forming temperature and 
str~in rat~ for this superplastic alloy are reported to be 500 ~ 510C and 
10- N 10- /sec, respectively. These forming conditions are shown in 
Fig. 4 by a hatched rectangle, where Eq. (3) is used to convert strain 
rate into frequency. The line H(1000) lies on the right side of the 
rectangle, while the line H(10000) touches it. An intermediate value of 
n between 1000 and 10000 may be the most appropriate one for the border-
line of superp1astic forming. Once the appropriate borderline is drawn, 
the optimum combinations of forming temperature and strain rate should 
lie on it. 
There exist some differeces between internal friction and super-
plasticity. First of all, the strain amplitudes are quite different. 
Secondly, in the former the peak is considered to be caused by the sliding 
of grain boundaries [2], while in the latter there exist other contribu-
tions from lattice dislocations and diffusion creep in addition to that 
from the sliding of grain boundaries [5]. It is also reported that the 
grain boundary structure changes and the rotation of grains occurs during 
superp1astic forming. The main part of superp1asticity, however, is sure 
to be caused by the sliding of grain boundaries. A close interrelation is 
therefore expected to exist between the grain boundary internal friction 
peak and superp1asticity. The first difference in the strain amplitude 
mentioned above is not important if the grain boundary peak is not so 
sensitive to the structural changes which occur during superp1astic 
forming. In fact the grain boundary peak is reported to be rather 
insensitive to them as far as the grain size is much smaller than the 
smallest specimen dimension as in this case [3]. 
This paper is only the first trial which is based on too simple 
assumptions. Though there exist many points to be improved, it should be 
emphasized here that the internal friction measurements have a possibility 
to be used as a simple tool for the determination of the optimum super-
plastic forming conditions. The procedures to be taken are very simple 
as summarized in the followings. 
1) Measurements of the grain boundary peak at least at two different 
frequencies or temperatures and subtraction of background component. 
2) Arrhenius plotting and determination of the activation energy. 
3) Drawing of the higher temperature edge line H by Eq. (1), where n 
between 1000 and 10000 seems to be the most appropriate. 
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